An au to mo tive air-con di tion ing sys tem based on ab sorp tion re frig er a tion cy cle has been sim u lated. This waste heat driven va por ab sorp tion re frig er a tion sys tem is one al ter nate to the cur rently used vapour com pres sion re frig er a tion sys tem for au -
In tro duc tion
Com fort air-con di tion ing as we know it to day has been grow ing at such a rate that it would no lon ger en ter tain re marks on it as a pro hib i tive lux ury as was con sid ered ever since the first re frig er ated au to mo bile air-con di tion ing came to ex is tence. Con ven tion ally, au to mo bile ve hi cles use va por com pres sion re frig er a tion (VCR) tech nol ogy to pro vide com fort air-con dition ing, in which the com pres sor en ergy re quired is ob tained from the in ter nal com bus tion (IC) en gine of the ve hi cle or by pro vid ing a IC en gine ded i cated for that pur pose. Though au to mo tive air-con di tion ing sys tem has un der gone tre men dous im prove ments in de sign, per for mance and ef fi ciency as a re sult of con tin u ous ef forts put for the en hance ment of ev ery in di vid ual com ponent of the sys tem, there had been no suc cess to find an al ter nate tech nol ogy that could reign supreme over the pre dom i nantly used VCR sys tem pos ing se ri ous prob lems that are harder to address. Also the search for eco friendly re frig er ant has not been so suc cess ful with com pro mises had to be made in one or more fac tors in the choice of a re frig er ant for a par tic u lar ap pli ca tion.
Apart from the need to re place halogenated hy dro car bons that con trib ute to ozone deple tion po ten tial (ODP) and green house warm ing, a sys tem, that, en sures ve hi cle per for mance, re duces noise, is easy to main tain and highly re li able was needed for a very long time. Ef forts so far taken to uti lize the waste en gine heat for cool ing shows prom ise but no one have come with an op er a tive de sign with no pro to types built for those de signs. VCR sys tems are highly prone to re frig er ant leak age is sues due to their in her ent mov ing com po nents, whereas a va por ab sorp tion refrigeration (VAR) sys tem would prove it self to op er ate for long pe ri ods of time with min i mal op er a tional and main te nance re lated is sues com pared to a VCR sys tem. Also the VAR sys tems op er ated us ing wa ter as re frig er ants shows ex ten sive adapt abil ity to wards zero ODP. Hence a VAR sys tem could well ad dress the is sues re lated to the con ser va tion of en vi ron ment and global warm ing.
In ves ti ga tion on the per for mance of an IC en gine on in tro duc ing the VAR sys tem and uti li za tion of ex haust gases of an IC en gine to drive a VAR sys tem into the ex haust sys tem had been done by con duct ing range of ex per i ments on a Ford 150 (Do ver) fuel in jec tion, 6 li ter, turbo die sel en gine us ing dif fer ent com bi na tions of speed and torque to ob tain a range of en gine power out put [1] . Sev eral ways and means were sug gested to coun ter the re duc tion in ex haust gas flow in slow run ning traf fic or sta tion ary sit u a tions or when ve hi cle is parked and cool ing is still re quired, since lesser the heat con tent pos sessed by the ex haust gas, lesser would be the cool ing ef fect. The ex per i men tal re sults proved that 6 li ter turbo die sel en gine was ca pa ble of pro vid ing enough en ergy to drive the VAR sys tem via its waste ex haust heat.
A study on VAR based au to mo tive air-con di tion ing sys tem was done in an other work and a pro posal for a pos si ble ar range ment of the VAR for this pur pose had been ad vo cated. Inves ti ga tion on the suit abil ity of such a sys tem had been done tak ing op er at ing con di tions and other stan dard re quire ments in to ac count. Fi nally the par tic u lar fea tures of the pro posed scheme and lo cates a bor der line in the power-ve loc ity di a gram had been pointed out. Mea sure ments were car ried out on a four cyl in der spark ig ni tion to es ti mate the amount of heat re cov er able, in par tic u lar, when the en gine runs at low loads [2, 3] . A bread board pro to type of an ab sorp tion sys tem was de signed, built and tested for truck re frig er a tion us ing heat from the ex haust gases. Fur ther sim u la tion of the sys tem which in cluded cy cle anal y sis and com po nent mod el ing and used the test data to val i date the model was car ried out. Anal y sis of the amount of re cov er able en ergy of the ex haust gases for truck driv ing con di tions on city traf fic, moun tain roads, and flat roads was also done [4] . In this study, to drive the ab sorp tion re frig er a tion sys tem, the heat from the ex haust gases was con sid ered to ca ter the heat source for the desorber rather than us ing the en gine cool ing wa ter as heat source due to tem per a ture re quire ments to op er ate the cy cle.
Scope of the pres ent work
Ab sorp tion re frig er a tion technol ogy could ad dress these problems, which, uses eco friendly refrig er ants and is driven by waste heat freely avail able at the ex haust sys tem of the ve hi cle. The only decid ing fac tor for the suc cess of this pro posal could be the amount of power that could be re cov ered from the ve hi cle en gine, which has to be suf fi cient enough for pro vid ing com fort air-con di tion ing at all speeds i. e. slow speed, cruise speed, and idle con di tions of the ve hi cle.
A sin gle ef fect VAR cy cle us ing wa ter-lith ium bro mide as the working fluid is shown in fig. 1 . The 6 Ramanathan, R. A., Gunasekaran, G. P.: Simulation of Absorption Refrigeration System for ...
Fig ure 1. Sin gle ef fect wa ter-lith ium bro mide ab sorp tion cy cle LSHX -liq uid side heat exchanger
choice of hav ing wa ter/lith ium bro mide as the work ing fluid is based on its high ther mal and chem i cal sta bil ity, low tox ic ity, low heat of mix ing, etc. In this VAR cy cle the com pres sor of the VCR is re placed by com po nents, ab sorber and desorber to el e vate the pres sure level of the binary mix ture of re frig er ant and ab sor bent. Here in this case wa ter be ing the re frig er ant and lithium bro mide the ab sor bent. The weak so lu tion en ter ing the desorber is heated by an ex ter nal source and the re frig er ant vapour gets driven off and en ters the con denser as sat u rated vapour and gets con densed, throt tles there af ter and en ters the evap o ra tor to fa cil i tate re moval of heat from the space to be cooled. The pres sure dif fer ence be tween the evap o ra tor and ab sorber causes the vapour to get trans ported to the ab sorber where it gets ab sorbed into the strong so lution en ter ing the ab sorber from desorber through the flow restrictor.
In the ab sorber the heat of ab sorp tion is re leased to the am bi ent. The weak so lu tion is then pumped to the desorber by a me chan i cal pump, through a heat exchanger where heat exchange be tween the weak and strong so lu tions takes place. Thus the cy cle con tin ues. The ex peri ment re sults of Boatto et al. [2, 3] has proved the fact that as the speed of the mo tor in creases there is an cor re spond ing in crease in fuel and ex haust power at con stant en gine power and that the same be ing ob served when the en gine power in creases and with con stant mo tor speed. In an IC en gine, the fuel power is seen to be dis trib uted as 30% en gine power, 40% ex haust power and 30% cool ant power. Ta ble 1 shows that at 1300 rpm the fuel power and ex haust power are at 30 kW and 5 kW, re spec tively, when the en gine power is 10 kW and the cool ant power is 15 kW as the fuel power is equal to the en gine power, ex haust power, and cool ant power. Sim i larly at 2000 rpm en gine power has been found to be 24 kW, with the fuel power, ex haust and cool ant power at 70, 17, and 29 kW, re spec tively. There fore the avail abil ity of heat that is re cov er able from the ex haust sys tem of an IC en gine is in the range of 5 to 17 kW as the speed of the mo tor in creases from 1300 to 2000 rpm.
The ref er ence cy cle data has been given in tab. 3 as the ther mo dy namic anal y sis of a VAR for au to mo tive air-air-con di tion ing. The co ef fi cient of per for mance (COP) of the sys tem is found to be 0.77 which is rea son ably good. The re sults of a ther mo dy namic anal y sis of a typ ical R134a va por com pres sion sys tem in a mid sized pas sen ger car pre sented by Boatto et al. [2, 3] The VCR sys tem in stalled in the mid sized pas sen ger has de signed to pro vide the cooling power of 2 kW at both idle and cruise con di tions. The re sult shows that VCR sys tem re quires 1.1 to 2.2 kW power dur ing idle to cruise speed con di tions. On com par ing the re sults of the ther - mo dy namic anal y sis of both cy cles, re quire ment of power at all con di tions of the ve hi cle en gine is neg li gi ble in case of a VAR.
Math e mat i cal model and ther mo dy namic anal y sis for the VAR sys tem
The sim u la tion pro ce dure in volves math e mat i cal mod el ing of each com po nent of the H 2 O-LiBr ab sorp tion re frig er a tion sys tem. The over all sys tem per for mance is eval u ated by combin ing these mod els un der usual se quence of op er a tion of the sim u lated sys tem. Gen er ally made con di tions and as sump tions, that the sys tem is sim u lated un der steady-state con di tions, there is neg li gi ble pres sure drop in the pipes, there is no heat trans fer ex cept at the four ma jor com po nents, the ex pan sion pro cess of the ex pan sion de vice is at con stant enthalpy and that the com po nents effec tive ness is at pre de ter mined value were in cor po rated in the model to sim plify anal y sis. To perform a ther mo dy namic anal y sis of an ab sorp tion re frig er a tion sys tem, the con ser va tion of mass and the first law of ther mo dy nam ics were ap plied to the in di vid ual com po nents of the sys tem. Both mass bal ance of the to tal mass and mass bal ance for each ma te rial spe cies were in cluded in the mass con ser va tion study. Ta ble 3 shows the mass and en ergy bal ances for the ab sorp tion cy cle. The sub script in the equa tions de notes the var i ous state points of the cy cle.
The COP of the ab sorp tion re frig er a tion sys tem can be writ ten as Q e /Q d . Here in this work, MATLAB com mon soft ware has been used to do the sim u la tion. It is easy to im ple ment con trol strat e gies in this MATLAB soft ware. For prop erty data base EES soft ware was used for the ap pro pri ate data for var i ous state points and con di tions en coun tered in the sim u la tion pro cedure [5, 6] . The sche matic of the pro posed setup for the ab sorp tion au to mo tive air-con di tion ing is given in fig. 2 . Di rect heat re cov ery mode as sug gested by Boatto et al. [2, 3] has been opted for in this scheme. A ple num is in cluded in the scheme as sug gested by Horuz (1998) the back pres sure im posed on the ve hi cle. The heat exchanger types se lected are fin and tube type for evap o ra tor, con denser and ab sorber.
Mass and en ergy bal ances for the vapour ab sorp tion cy cle

Ta ble 3. Ther mo dy namic anal y sis of va por ab sorp tion cy cle for au to mo tive air-con di tion ing
The in ter nal heat exchanger and desorber will be of plate and tube heat exchanger type. Desorber which is a plate and tube heat exchanger is pro posed to be kept in side the plenum to be con structed next to the cat a lytic con verter of the en gine ex haust sys tem. The heat in put to the desorber would driven off the re frig er ant va por to the con denser, which has to be placed in the po si tion as is nor mally found in the case of con ven tional VCR sys tem i. e. in front of the ra di a tor. As it would en sure rejec tion of heat from the con denser to take place ef fec tively. The con densed liq uid re frig er ant con denser passes through a flow restrictor R and en ters the evap o ra tor cool ing coil placed near the driver's cabin. On tak ing the cool ing load from the car's util ity space the re frig er ant vapour en ters the ab sorber, which is a fin and tube heat ex change, to be also placed in front of the ra di ator, af ter get ting mixed with the strong so lu tion in the mixer.
Af ter re ject ing the heat of ab sorp tion to the am bi ent the weak so lu tion is pumped to the desorber for the cy cle to con tinue. The strong so lu tion leav ing the desorber en ters the mixer after pass ing through a flow restrictor R1. The power re quired for the pump would be very mea ger which could be sup plied from any source avail able in the ve hi cle.
Re sults and dis cus sion
With the avail able lower gen er a tor heat, an anal y sis was per formed to find the lim i tations of the pro posed sys tem at 1300 rpm en gine speed con di tion. Us ing the avail able ex haust power range of 5 kW at 1300 rpm to 17 kW at 2000 rpm as ob served by Boatto et al. [2, 3] the effect of op er at ing con di tions on the sys tem was an a lyzed.
Ef fect of op er at ing con di tions on the sys tem
The in flu ence of gen er a tor heat on the perfor mance of the other sys tem com po nents heat ex change rate is first stud ied. Fig ure 3 il lustrates the heat ex change rates for evap o ra tor, con denser and ab sorber for the range of vary ing gen er a tor heat in put from 5 to 17 kW. The evapo ra tor heat rate var ies from 3.7 to 11 kW from 1300 to 2000 rpm. The con denser heat trans fer rates also in crease with en gine speed from 3.8 to 11.2 kW and the ab sorber heat trans fer rate var ies from 4.3 to 16 kW. The in crease in desorber heat in creases the re frig er ant flow rate hence this in crease in heat trans fer rates of com po nents is ob served .  Fig ure 4 il lus trates the ef fects of vary ing ab sorber tem per a ture on the other sys tem com po nents at a con stant gen er a tor heat rate of 5 KW. From the fig ure it is ev i dent that evap o rator and con denser rates de crease when the ab sorber tem per a ture is in creased. The ab sorber heat rate shows slight in crease when the ab sorber tem per a ture is in creased. The evap o ra tor ca pac ity de creases though at a slow rate.
The im pact that the vary ing con denser tem per a ture has over the sys tem's other com ponent's heat ex change rate was an a lyzed by vary ing the con denser tem per a ture at the 1300 rpm en gine con di tion i. e. desorber heat rate be ing at 5 kW. The re sults are il lus trated in fig. 5 . The evap o ra tor heat var ies from 4.3 to 4.15 kW and con denser heat rate from 4.4 to 4.15 kW whereas a slight in crease in con denser heat rate is ob served.
Fi nally, the desorber tem per a ture was var ied to ob serve the cor re spond ing changes in heat ex change rates of other sys tem com po nents. Figure 6 shows the heat ex change rates of each com po nent as func tion of chang ing gen er a tor tem per a ture. The re sults show that Evap o ra tor capac ity var ies from 4.0 to 4.3 kW when the desorber tem per a ture var ies from 86 to 112 °C. Figure 7 il lus trates the co ef fi cient of per for mance of the sys tem at vary ing tem per atures at ab sorber and desorber. From the re sults it is found that the tem per a ture at which the heat is sup plied has a sig nif i cant in flu ence over the sys tem per for mance. Also as the desorber temper a ture is in creased, the evap o ra tor heat trans fer rate de clines and that greatly in flu ence the per for mance of the sys tem. 
Ef fect of heat exchangers on per for mance of the sys tem
The in flu ence of heat exchanger size on sys tem per for mance is shown in figs. 8 to 11. In each fig ure the COP and the heat rate are plot ted against the over all heat trans fer co ef fi cient UA of that par tic u lar heat exchanger. Sim i lar trend is ob served in all the cases. The COP decreases as UA de creases for small val ues of UA above which it is ob served to be al most in sen sitive to the changes in UA val ues. Thus the re sults in fer that the heat trans fer rates of the sys tem com po nents are in ter re lated with each other and be ing sig nif i cantly in flu enced by the op er at ing tem per a ture of the sys tem and the heat exchanger per for mance.
Con clu sions
With the ther mo dy namic anal y sis of VAR sys tem for au to mo tive air-con di tion ing a ref er ence de sign data was ar rived at for pro vid ing 2 kW at both idle and cruise speed con di tions of the ve hi cle mo tor. The pump power re quired by the ab sorp tion re frig er a tion cy cle was found to be mea ger when com pared to the va por com pres sion cy cle's power re quire ment to op er ate its com pres sor. Per for mance anal y sis has been done on the VAR for au to mo tive air-con di tion ing at 1300 rpm (slow run ning con di tions).
The re sults in fer that the sys tem per for mance var ies with vary ing op er at ing tem per atures of the desorber. Also the heat trans fer rates of the sys tem com po nents are in ter re lated with each other and be ing sig nif i cantly in flu enced by the op er at ing tem per a ture of the sys tem and the heat exchanger per for mance. Thus a sim i lar anal y sis at idle con di tion of the ve hi cle would be nec es sary to pre dict the suit abil ity of such a sys tem to the au to mo tive air-con di tion ing. 
